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Effect of age on compensatory renal growth
JOHN P. HAYSLETT
Department of Internal Medicine, Yale University School of Medicine, New Haven, Connecticut
Although it has been known since antiquity that animals and
humans can survive and lead a normal life with only one kidney,
in part due to compensatory renal growth (CRG) and function of
the remaining organ, our major understanding of these remark-
able adaptive changes is the result of more recent experimental
studies. These studies have shown that CRG is influenced
markedly by age—accelerated in young subjects and blunted in
old age. My survey reviews the age-related response in renal
growth and function to loss of functional renal mass. The first
part of the survey describes CRG in the young adult in order to
provide a basis for comparison with the adaptive response at
the extremes of age.
Compensatory renal growth in the young adult
Compensatory renal growth has been demonstrated after
surgical removal of renal tissue [1], following unilateral and
unrelieved ureteral obstruction [2] and in subjects with paren-
chymal renal disease in which tissue destruction is heteroge-
neous [31. After removal of one kidney in the mouse and rat, the
weight of the contralateral organ increases within 1 to 2 days
after surgery, and growth continues until a maximal increase of
approximately 40% above the control level is achieved within 1
to 2 weeks [4, 5]. Toback, Smith, and Lowenstein [6] showed
that the CRG response, reflected by changes in cell membrane
metabolism, is initiated within minutes of surgery and persists
for at least 6 days. Both the formation of new cells (hyperplasia)
and cellular enlargement (hypertrophy) characterize the growth
response. Using RNA content as an index of hypertrophy and
DNA as a marker for hyperplasia, previous studies in the rat
have shown that hypertrophy is the predominant factor influ-
encing CR0 in adult rats [7]. Based upon imaging techniques to
measure changes in two-dimensional features of kidney size,
similar increases in renal mass following unilateral nephrecto-
my have been demonstrated in man [8].
Studies in the rat showed that the extent of CRG correlates
closely with the amount of renal tissue surgically removed.
Kaufman et al [9] compared the rate of growth in residual
kidney tissue over a 4-week interval after loss of 50 and 70% of
renal mass with pair-fed controls as shown in Figure 1. The
weight of the remaining renal tissue increased by 81% after
unilateral nephrectomy and by 168% in rats with surgical
ablation of 70% of the initial mass compared with an increase of
31% in controls. Formation of new cells corresponds in general
with the increase in renal mass, increasing by 25 and 87% in the
cortex of the contralateral and remnant kidney, respectively
[10].
Although the CR0 response occurs in a relatively symmetri-
cal manner throughout the cortex [11], proportional changes do
not occur in all nephron segments. Morphological analysis has
demonstrated a predominance of compensatory growth in the
proximal convoluted tubule, including a marked increase in
length of the pars recta and loop of Henle, in contrast to the
distal tubule where a lesser growth response was observed [12,
13]. After unilateral nephrectomy in the rat, the increase in
volume of the proximal tubule corresponded closely to the rise
in glomerular filtration rate (GFR) [12].
Surgical removal of one kidney augments renal blood flow
(RBF) and GFR among surviving nephrons, although the rate of
increase in these functional parameters differs among mammali-
an species. In the rat, a significant increase in GFR is observed
by 24 to 48 hr after surgery and a maximal rise of approximately
88% is achieved by 2 to 4 weeks [5]. The overall GFR in the rat
with one functioning kidney is approximately 80% of the
preoperative value.
Studies in organ donors have demonstrated a similar re-
sponse in healthy men. The functional response of the remain-
ing kidney was apparent as soon as 24 hr after unilateral
nephrectomy and 70% of the preoperative creatinine and PAH
clearances were present 7 days after surgery [14]. A subsequent
study performed 3 years after nephrectomy showed that creati-
nine and PAH clearance were 71 and 66%, respectively, of
preoperative levels [15].
The renal compensatory changes in GFR and RBF after
progressive reduction of renal mass in the rat are shown in
Figure 2 [11]. Compared to group A control animals the GFR in
rats with unilateral nephrectomy (group B) was 68% of control,
while after surgical removal of 70% of renal mass (group C) the
GFR was 49% of control. The compensatory increase in RBF
was 81 and 68% of controls in the same groups, respectively.
Changes in the same functional parameters at the level of
individual nephrons are shown in Figure 3. Mean single neph-
ron GFR increased 60% above the control value of 47 nllmin in
the contralateral kidney of unilateral nephrectomized animals
and 136% in the remnant kidney of animals with surgical
ablation of 70% of renal mass. Adaptive increases in single
nephron blood flow exceeded the changes in GFR and rose
100% in the contralateral kidney and nearly fourfold in the
remnant kidney. A comprehensive discussion of the adaptive
transport changes governing the excretion of water and electro-
lytes is available elsewhere [16].
CRG in neonatal and young subjects
Since CRG in neonatal subjects is superimposed on nephro-
genesis and normal renal maturation, it is relevant to discuss the
599
Received for publication October 11, 1982
© 1983 by the International Society of Nephrology
600 Hayslett
Group A Group B Group C
Fig. 1. Compensatory renal hypertrophy. Percent increase in kidney
mass 4 weeks following surgery in group A (control), group B (50%
nephrectomy), and group C (75% nephrectomy). Bars represent mean
SEM. Number of observations made in each group is shown in the
insert on bar. (Reprinted with permission from [9].)
pattern of the normal growth pattern of the functional unit of the
kidney. The ureteric bud induces formation of the first develop-
mental stage of the nephron, the renal vesicle from metanephro-
genie tissue [171. The renal vesicle develops into an S-shaped
tubule which joins the ureteric bud. While this S-shaped tubule
gives rise to the glomerulus, proximal tubule, loop of Henle,
and distal tubule, the ureteric bud develops into the collecting
duct. Growth is characterized by a centrifugal pattern of
growth, with the first nephrons forming in the juxtamedullary
area, and the last in the superficial areas of the cortex. There is
a difference among species in the rate of growth. In man and
guinea pig there is a full component of functioning nephrons at
birth, while in species such as the rat, pig, and dog, the most
superficial nephrons begin to function around the third postna-
tal week [18, 191.
Since the rat has been used extensively for studies of CR0, it
is noteworthy that completion of nephrogenesis occurs in the
Wistar rat by day 8 after birth and in the Sprague-Dawley rat by
7 to 8 days [201. Beyond these times, early developmental
stages of nephron growth, such as renal vesicles and S-shaped
tubules, are not present in normal animals.
Previous investigators have shown that CRG after unilateral
nephrectomy, based on a comparison of the weight of the
contralateral kidney in experimental animals to kidney weight
in age-matched controls, was greater when surgery was per-
formed before 30 days of age than in young adult animals [11.
Galla, Klein-Robbenhaar, and Hayslett [21] extended this ob-
servation in studies involving weanling animals weighing initial-
ly 50 and 80 g and young adults initially weighing between 155
and 210 g. In this study the relative change in renal mass
(experimental kidney versus control), percent of kidney weight,
was determined in weanling and adult animals I and 4 weeks
after surgery. One week after unilateral nephrectomy the ex-
perimental kidney in weanling rats increased in mass 44% more
than control and the increase was 39% in adult animals; this
difference was not statistically significant. One month after
surgery, however, the percent change in renal mass due to CRG
was increased markedly in the weanling animals (144%), com-
pared to the rate of 66% in the adult group. These results,
therefore, indicate that the initial rate of CRG is similar in
neonatal and adult rats, but that compensatory growth contin-
ues for a longer period of time in young rats and, thus, results in
a greater total amount of compensatory growth. Functional
studies performed in these animals demonstrated that the
compensatory increase in GFR occurred pan passu with the
change in renal mass; the compensatory increase in GFR was
therefore, greater when surgical ablation was performed in
immature animals. These results were confirmed by Larsson,
Aperia, and Wilton [20] in experiments in which rats were
unilaterally nephrectomized at 5, 12, and 40 days of age, and
studied at 60 days of age. Figure 4 demonstrates the increased
rate of compensatory renal growth in weanling animals, com-
pared to adults, in experiments in which varying amounts of
renal tissue were removed during 4 weeks of observation
(Kaufman and Hayslett, unpublished studies).
It is of interest to correlate the age-related differences in CR0
to the pattern of normal postnatal renal growth. From studies of
DNA, RNA, and total protein content in the normal kidney, the
growth cycle has been divided into three phases [22]. The first
phase of normal growth extends from birth to about day 14 of
life and is due mainly to hyperplasia, while in the second phase
which extends from week 3 until about day 40 growth occurs by
a combination of hyperplasia and hypertrophy. The third phase
which persists during the greater portion of adult life is charac-
terized by hypertrophy. Based upon this information, it is
apparent that the accelerated CRG in weanling animals, studied
by Galla, Klein-Robbenhaar, and Hayslett [211, was associated
with the first growth phase that was characterized by hyperpla-
sia, while in adult animals surgery was performed during the
third phase, characterized by hypertrophy. This interpretation
was corroborated by studies of Dicker and Shirley [23], involv-
ing an analysis of RNA and DNA concentration in renal cortex,
which demonstrated that hyperplasia made a more significant
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Fig. 2. Total animal levels of GFR and RBF in control (group A), 50%
nephrectomized (group B), and 70% nephrectomized (group C) rots.
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contribution to CRG in 5-day-old animals than in 115-day-old
animals.
The question of whether the formation of new nephrons may
play an important role in the mechanism of the heightened
growth response after unilateral nephrectomy in neonatal ani-
mals has been subjected recently to re-evaluation. Although
earlier studies, using histological methods for estimating the
total nephron population, provided no evidence for an increase
in the total number of nephrons after unilateral nephrectomy in
young, neonatal animals [24, 25], a study which utilized a
method for counting glomeruli in partially acid-macerated renal
tissue reported an increase in the nephron population of 47%
when surgery was performed before 50 days of age [26].
Subsequent experiments by Kaufman, Hardy, and Hayslett
[27], however, failed to find evidence for new nephron forma-
tion above the level in control animals of about 38,000 when the
observer was blinded to the origin of the sample and a counting
method with improved technical and statistical properties was
employed.
Larsson, Aperia, and Wilton [20] provided further evidence
to support the conclusion that the stimulus induced by nephrec-
tomy does not result in new nephron formation from undifferen-
tiated renal tissue. In addition to corroborating the finding of
Kaufman, Hardy, and Hayslett [27], using a similar glomerular
counting technique, these authors used careful histological
techniques to identify early nephron forms. Their study showed
no evidence for early developmental stages of nephrons, such
as renal vesicles and S-shaped tubules, in serial sections of the
contralateral kidney from rats operated on day 5 and studied on
postnatal days 7, 8, and thereafter. The same result was
obtained in animals operated on day 12 and studied on day 16
and subsequent days. The absence of nephrogenic tissue after
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Fig. 4. Compensatory renal growth in weanling and adult male Sprague-
Dawley rats. The data shows the percent increase in kidney mass 4
weeks following surgery in animals with varying amounts of surgical
ablation. Bars represent mean SEM in controls, after 50% nephrecto-
my and after approximately 70% nephrectomy. Individual data are
shown by circles and triangles. Symbols: O•, group A; A, group B.
days 7 to 8 in normal animals also indicates the theoretical
improbability of inducing new nephron formation up through
day 50, as suggested by the earlier study [26].
CRG in old subjects
Senescence in humans and experimental animals is character-
ized by a progressive decrease in the mass of viable renal tissue
and in function [28]. In man, for example, GFR was shown to
fall approximately 50% between age 20 to 30 and 80 to 90 years
[29]. This process is apparently related to progressive segmen-
tal renal fibrosis and glomerulosclerosis, since radioisotope
scans have demonstrated a discrepancy between the relatively
normal anatomical kidney size, and the functional size, mea-
sured by scanning [30]. MacKay, MacKay, and Addis [1]
reported that following removal of one kidney the increase in
weight of the contralateral kidney in the rat, due to CRG, was
reduced approximately 65% in 540-day-old animals at the time
of surgery and 40% in 90-day-old animals compared to the
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Fig. 3. Mean nephron glomerular filtration rate (GFR) and blood flow
rate in control (group A), 50% nephrectomized (group B), and 70%
nephrectomized (group C) rats. (Reprinted with permission from [111.)
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growth response in animals that were 5 days of age at the time
of operation. These results have been confirmed by other
investigators [311.
CRG after unilateral nephrectomy in humans has also been
analyzed with respect to age [15, 32]. These studies have shown
an inverse correlation between age and the compensatory
increase in GFR.
Summaty. Studies in experimental animals and humans have
demonstrated that adaptive compensatory changes in renal
growth and function are influenced substantially by the age of
the subject at the time that viable renal tissue is removed
surgically or destroyed by disease. The compensatory response
is enhanced in neonatal subjects, compared to the adult, when
normal renal growth is characterized by hyperplasia, while in
later life the response is blunted, in association with renal
senescense and a decline in both mass and renal function.
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